Single crystal EPR and optical studies of a mixed ligand zinc(II) complex doped with VO(II) ion is carried out to establish the structural properties. The angular variation of vanadyl hyperfine lines indicates a single site, with spin Hamiltonian parameters as: g xx = 1.985, g yy = 1.979, g zz = 1.943; A xx = 8.71, A yy = 6.41 and A zz = 17.80 mT. By comparing the direction cosines of principal g and A values with the direction cosines of metalligand bonds, it has been confirmed that the vanadyl ion has entered the lattice interstitially. The exact interstitial position of VO(II) in host lattice has been calculated using the fractional coordinates of atoms in the host lattice out of many assumptions. The EPR and optical data have been confirmed to obtain various bonding parameters, from which the nature of the bonding in the complex is discussed. FT-IR confirms the formation of structure of host lattice.
Introduction
Coordination polymers of malonic acid offered attractive properties such as metal organic frame work, supramolecular behaviors, biological properties, molecular electronics, catalysis and molecular based magnetic materials etc. Malonic acid is the most widespread dicarboxylic acid present in the natural vegetables predominantly in beetroot and legumes. It makes a prominent role in symbiotic nitrogen metabolism and also employs as competitive inhibitor of cellular respiration. Malonic acid with diethyl ester is used in the manufacture of vitamins B1, B6, barbiturates and numerous other valuable compounds, and also they are useful in biological and medicinal fields. As an example, malonate is a powerful competitive inhibitor for cellular respiration; because it binds with the active site of succinate dehydrogenase in the citric acid cycle. [1] [2] [3] [4] Zinc complexes of malonic acid have number of dentating abilities. Malonic acid forms complexes of bridging types also. An important quality of Malonic Acid Bridge is that the magnitude of exchange interaction mainly depends on the bridging modes. Because of this, the malonate complexes exhibit ferro-or antiferro magnetic interactions, which are controlled by the dimensionality of the structure. Moreover, the carboxylate group affords an efficient pathway for the magnetic centers to couple either ferro or antiferromagnetically. [5] [6] [7] Zinc complexes with malonate ligand has found its importance in treating wounds and burns. 8 The probability of getting information about symmetry and geometry from magnetically concentrated systems is narrowed because of very broad resonance in EPR arising due to dipolar and exchange interactions. Hence, to study the symmetry around the embedded ion and covalence, paramagnetic ions should be incorporated into diamagnetic host lattices.
9,10 Transition metal ion doped crystals are useful for laser and optical fiber applications because of their spectroscopic behaviors. Vanadyl ion i.e., VO(II), is used extensively in EPR studies to characterize phase transitions, strength and magnitude of crystal field relaxation times, etc., as it is one of the most stable molecular paramagnetic transition metal ions having t 2g 1 e g 0 configuration. In addition, vanadium ion exists in bivalent, trivalent and tetravalent oxidation states. Out of these, VO(II) with a single unpaired 3d electron bound to an oxygen atom by a strong bond is well studied. The preferential orientation of the V=O bond in different complexes depends on the type of the ligands. Single crystal EPR studies reveal the location of paramagnetic impurity, i.e., interstitial, substitutional or both and it tells about the symmetry of electric field around the paramagnetic ion in diamagnetic host lattices.
11-22 Past few years, our research has focused on single crystal EPR investigation of vanadyl doped zinc malonato complexes.
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In this way, mixed ligands especially phenanthroline and malonic acid containing complex Diaquamalonato(1,10-phenanthroline) zinc(II) (here after abbreviated as DMPZ) has been selected as a host for doping of VO(II) ion by considering the applications of transition metal malonato complexes. Effects of dopant on structural properties, symmetry distortion and various bonding parameters of host complex have been explored using single crystal EPR technique and optical absorption studies in the present work. Physical Measurements. The C, H, N microanalysis were carried out on elemental analyser and vanadium was estimated gravimetrically as its vanadate. The content of the zinc in VO(II)/DMPZ was determined by complexometric titration with EDTA. Optical absorption spectrum was recorded at 300 K using a Varian Cary 5000 Ultraviolet (UVVisible) near infrared spectrophotometer in the range of 200-800 nm. FTIR spectra were recorded for doped and undoped materials on a Shimadzu FTIR-8300/8700 spectrometer in the range of 4000-400 cm −1 , using almost transparent KBr pellets containing fine powder sample. Powder XRD measurements were carried out for doped and undoped materials on a PANalytical X'pert PRO diffractometer with Cu Kα radiation of wavelength 0.15406 nm and 2θ values between 5° and 75°. EPR spectra were recorded at 300 K on a JEOL JESTE100 ESR spectrometer operating at X-band frequencies, having a 100 kHz field modulation to obtain first derivative spectrum. 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) was used as standard for magnetic field correction. Angular variation plots were made by rotating the crystal along the three mutually orthogonal axes a, b, c* in 10° intervals. Isofrequency plots for each plane were simulated using program EPR-NMR. The EPR spectrum of powder sample was simulated using Simfonia program developed and supported by Brucker Biospin.
Crystal Structure.
) belongs to monoclinic crystal class with space group P21/C, having unit cell parameters, a = 1.034, b = 0.967, c = 1.548 nm, β = 105.72º and Z = 4. The zinc atom shows a distorted octahedral coordination sphere, coordinated by two N1 and N2 atoms from 1,10-phenanthroline, two O5 and O6 atoms from cis water molecules and two O1 and O3 atoms from malonic acid. The complex molecules are linked to form a three-dimensional supra molecular array by both hydrogenbonding interactions between coordinated water molecules, uncoordinated carboxylate oxygen atoms of neighboring molecules and aromatic π-π stacking interactions between neighboring phenanthroline rings. 28 The structure of DMPZ is given in Figure 1 .
Results and Discussion
Optical Absorption Studies. Powder optical spectrum of VO(II)/DMPZ is recorded at 300 K and it is shown in Figure  2 . It shows four bands at 30 395, 24 095, 17 730 and 11 649 cm
. First band is assigned as CT band and remaining three bands are due to d-d transitions. By comparison with the optical absorption spectra of other complexes containing VO(II), these bands are assigned to the transitions from ground state 2 B2g and those are,
, and . These results indicate that the symmetry of vanadyl ion in the zinc host lattice is a distorted octahedron.
Infrared and Powder XRD Studies. The IR spectrum of VO(II)/DMPZ is recorded at room temperature and it is given in Figure 3 . The carboxylate symmetrical stretching frequency is observed at 1572 cm −1 and the bands appeared at 3467 and 3183 cm −1 are assigned to O-H bending of water ligand. Three bands observed at 945, 787 and 787 cm −1 corresponds to bending modes of O-C-O bond. The band observed at 1450 is assigned to C=C stretching. The band observed at 1572 is assigned to carbonyl stretching.
The powder XRD patterns for undoped and VO(II) doped DMPZ were recorded. Figure 4 (a) shows the powder XRD pattern for VO(II) doped DMPZ. From the patterns, the lattice parameters were calculated for undoped and doped complex and are given in Table 1 , along with the single crystal data. These results indicate that the two complexes DMPZ and vanadyl doped DMPZ have identical lattice parameters. This observation further confirms that doping a low concentration of vanadyl impurity does not change the structure and hence lattice parameters of DMPZ.
EPR Studies. Proper shaped crystals are selected for EPR rotation and it is mounted at the bottom of goniometer. Then it is placed inside a microwave cavity and single crystal rotations were made in three mutually orthogonal planes namely ab, bc* and ac* at 300K by passing the magnetic field, b is the crystallographic axis b, axis a is orthogonal to axis b in ab plane and axis c* is mutually perpendicular to both axes b and a. The EPR spectra of VO(II)/DMPZ single crystal exhibit eight hyperfine lines in all the three planes ab, ac*, bc* confirming the presence of only one type of impurity in the crystal even the unit cell contains four molecules. Typical EPR spectra of VO(II) doped DMPZ are given in interactions in the spin Hamiltonian during fitting experimental data using program EPR-NMR does not improve the fit or change the parameters (g and A). Hence, these parameters are not included in the final refinement. In addition, the intensity and separation of resonance lines also suggest minor contribution from nuclear quadrupolar interaction. The calculated spin Hamiltonian parameters are presented in Table 2 . The direction cosines of the principal values of g and A are nearly coincident. The eigen values of g and A indicate that the electrostatic field around the VO(II) ion is axial, even though deviation is noticed in hyperfine values. Using the parameters in Table 2 , angular variation plots of all the three planes are simulated and are found to agree well with the experimental ones. The resultant isofrequency plots obtained for ac* and ab planes containing experimental and theoretical values are shown in Figures 6(a) and 6(b) . A good concurrence is obtained indicating the accuracy of the spin Hamiltonian parameters. These spin Hamiltonian parameters are in agreement with other literature values.
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Generally, the direction cosines of the principal g/A values, obtained from EPR-NMR program are compared with metal -ligand bonds directions of the host lattice, to get information about the position of the dopant. From the crystal data of the host lattice, 28 the direction cosines of the various Zn-O and Zn-N bonds are calculated and it is given in the Table 3 .
The direction cosines of various metal−ligand bonds are compared with that of g, A and it is found that none of them is matched, indicating the paramagnetic ion might have entered the lattice interstitially not substitutionally. In general, if the host ion is surrounded by six water molecules, VO(II) may occpy a substitution position in a distorted octahedral site because of the presence of strong vanadyl oxygen bond but in the present case, VO(II) impurity enters the lattice interstitially.
It is due to the strong coordination of zinc atom with 1,10-phenanthroline and malonic acid moiety and thus the breaking of the bond is very difficult. In addition, the impurity being the molecular ion, VO(II) cannot occupy neither octahedral nor polyhedral sites without removing any other bonds due to the presence of strong V=O bond. Hence, the paramagnetic impurity enters the lattice in an interstitial position is proved. EPR results suggesting paramagnetic impurity has entered interstitially, so a number of positions for vanadyl in the DMPZ lattice are assumed from XRD data of the host lattice. Procedure used for Cu(II) and VO(II) ion in diaqua(2,2'-bipyridine)malonatozinc(II) had been adopted here also. 24 The Cartesian coordinates for the zinc atoms, surrounding water, phenanthroline molecules and malonate anions in the unit cell can be calculated by making use of fractional coordinates and unit cell dimensions. 28 The exact interstitial arrangement of VO(II) in DMPZ is calculated out of all assumptions made and shown in Figure 7 . It has been found that VO(II) ion bounded by four oxygen atoms: four of them namely O(5), O(5'), O(6) and O(6') are from water molecules connected to Zn(1) and Zn(2), with roughly represents a distorted square pyramidal geometry. The direction cosines of four V-O bonds are given in Table 3 . The Polycrystalline Spectrum. Spin Hamiltonian parameters obtained from single crystal of VO(II)/DMPZ using EPR-NMR program has been confirmed by recording polycrystalline spectrum of VO(II)/DMPZ and it is shown in Figure 8 . The powder EPR spectrum shows eight parallel and eight perpendicular lines and it suggests the axial nature of impurity. This is commonly being observed in most of the VO(II) systems. The g and A values which is calculated from powder spectrum are, g ⎟⎜ = 1.949, g ⊥ = 1.996, A ⎟⎜ = 19.5, A ⊥ = 7.50 mT Using these parameters, the powder spectrum is simulated and it is given in the Figure 8 . The simulated and the experimental spectra are found to be comparable. The powder spin Hamiltonian parameters are matched with the single crystal data. If the impurity is placed in an interstitial position of the lattice, the metal ligand bond lengths are infinitesimally large or small depending on the availability of coordination site.
Admixture Co-efficients. Admixture coefficients are also calculated from the spin Hamiltonian parameters. If C1, C2 and C3 are the admixture coefficients, where the ground state d xy can mixes with d x 2 -y 2 , d xy and d yz . These coefficients are related to g value by the relations, 31, 32 
and recalculated along with the normalization condition,
Eqs. (2)- (4) can be solved iteratively for the admixture coefficients. The values of C 1 , C 2 , and C 3 thus evaluated are 0.7027, 0.7102, and 0.040, respectively. Two more parameters, i.e., Fermi contact (κ) and dipolar interaction (P) are calculated from,
Here, P = g e β e β n g n <r
3
> and κ is a dimensionless constant describing the core s-polarization and represents the amount of unpaired electron density at the vanadium nucleus.
The values of P and κ are calculated from powder g and A values. In the present case, the P and κ values are −132 × 10
cm −1 and 0.85 respectively. These data are good concurrence with reported values. [33] [34] [35] [36] [37] [38] The reduction of P value from the free ion (0.0017 cm
) gives the covalency of metal-ligand bond and for the present case it is 22%.
Conclusion
Single crystal EPR investigation of VO(II)/DMPZ is studied. During crystal rotation, eight line patterns are observed indicating single vanadyl site present in the host lattice. The g, A parameters and its direction cosines are calculated from EPR analysis. By comparing direction cosines acquired form EPR data with those calculated from crystal structure data, the vanadyl ion is occupied in an interstitial position due to strong coordination of malonic acid and phenanthroline ligand with zinc host lattice. Vanadyl ion is located in distorted square pyramidal geometry with four oxygen atoms of water molecules connected to two zinc atoms of host lattice. The isofrequency plots and powder EPR spectrum are also simulated. The Fermi contact and dipolar interaction parameters are calculated, which gives an idea about the covalency of metal ligand bond. The optical absorption spectrum is helpful for the calculation of crystal field parameters, which reflects the symmetry of the dopant. FTIR and powder XRD data confirms the structure of host lattice and indicates no structural changes acquired during the incorporation of the paramagnetic impurity.
